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METHOD AND STRUCTURE FOR MODULAR, HIGHLY LINEAR 
MOS CAPACITORS USING NITROGEN IMPLANTATION 

5 

FIELD OF THE INVENTION 

The present invention relates, most generally, to semiconductor devices and 
methods for forming the same. More particularly, the present invention relates to highly 
linear MOS capacitors and a method for forming the same which utilizes nitrogen 
10 implantation. 

BACKGROUND OF THE INVENTION 

MOS (metal oxide semiconductor) capacitors are formed in silicon substrates 
and typically utilize a highly doped section of the silicon substrate as a lower capacitor 
^3 15 electrode. In order to minimize fabrication time and costs, it is generally desirable to 
> minimize the number of processing operations used in forming a particular 

ftf semiconductor structure, as well as the completed, integrated circuit device. As such, 

the capacitor dielectric for MOS capacitors is commonly formed over the lower 
s electrode during a thermal oxidation process used to simultaneously form gate oxides 

^ 20 in transistor regions on the same substrate. When highly N-doped silicon substrate 
fy regions are used to form lower electrodes for MOS capacitors, however, Fermi level 

2 oxidation enhancement causes the thermal oxide thickness formed over the lower 

p electrode to increase greatly with respect to the gate oxide being simultaneously formed 

on an undoped region of the same silicon substrate. This thermal oxide of increased 
25 thickness will serve as the capacitor dielectric and such a capacitor dielectric of 
increased thickness drastically and undesirably reduces capacitance density when 
measured per unit of silicon surface area. 

What is needed, therefore, is a method which utilizes N-doped regions of silicon 
substrates to make linear MOS capacitors but which suppresses the undesirable 
30 enhanced oxide growth in the N-doped silicon regions. 

SUMMARY OF THE INVENTION 

To achieve these and other objects, and in view of its purposes, the present 
35 invention addresses the shortcomings of the metal oxide semiconductor (MOS) 
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capacitor formation processes and structures known to the prior art and provides a 
method for utilizing highly N-doped regions of silicon substrates as lower electrodes of 
5 capacitors, while suppressing Fermi level oxidation enhancement of the N-doped 
regions. The present invention describes materials, processes, and structures used to 
produce linear MOS capacitors having high capacitance densities and which utilize 
portions of an N-doped silicon substrate as a lower capacitor electrode. 

The present invention provides for introducing nitrogen into the highly N-doped 
1 o silicon region which is to be used as the lower capacitor electrode. The semiconductor 
substrate is then thermally oxidized to form an oxide film on the semiconductor surface 
including within the N-doped region. The presence of nitrogen in the N-doped region 
suppresses the enhanced growth of the thermal oxide film formed to serve as the 
O capacitor dielectric. The oxide film includes a thickness in the nitrogen region which is 

% 1 5 less than the thickness of the same oxide film simultaneously formed in other regions 
Qj of the N-doped regions. The N-doped region in which nitrogen is introduced, serves as 

31 the lower electrode of the capacitor formed. The introduction of nitrogen also maintains 

Pi the resistance of the highly N-doped silicon electrode at a low value, which reduces the 

* effect of voltage on the capacitance and thereby produces a linear capacitor. The 

Q 20 method and structure of the present invention is easily integrable into conventional 
*J processing sequences used to form semiconductor devices. 

01 

O BRIEF DESCRIPTION OF THE DRAWING ^ 

r ~ The present invention is best understood from the following detailed description 

25 when read in conjunction with the accompanying drawing. It is emphasized that, 
according to common practice, the various features of the drawing are not to scale. On 
the contrary, the dimensions of the various features are arbitrarily expanded or reduced 
for clarity. Like numerals denote like features throughout the specification and drawing. 
Included in the drawing are the following figures, each of which is a cross-sectional 
30 view: 

Figure 1 shows an N-doped impurity region formed within a semiconductor 
substrate; 

Figure 2 shows nitrogen impurities being introduced into a portion of the N-doped 
impurity region shown in Figure 1; 
35 Figure 3 shows a nitrogen impurity region formed in the N-doped impurity region; 
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Figure 4 shows a thermal oxide film having multiple thicknesses formed over the 
structure shown in Figure 3; 
5 Figure 5 shows an exemplary capacitor formed over the structure shown in 

Figure 4; 

Figure 6 shows nitrogen impurities being introduced into another exemplary N- 
doped impurity region; 

Figure 7 shows another exemplary embodiment of a nitrogen region formed 
10 within an N-doped impurity region; and 

Figure 8 shows another exemplary capacitor formed over the structure shown 
in Figure 7. 

Figures 1-5 show an exemplary process sequence used for forming one 
exemplary embodiment of a capacitor according to the present invention, and Figures 
5 15 6-8 show another exemplary process sequence used to form another exemplary 
£P embodiment of a capacitor according to the present invention. 

SSJSS 

H DETAILED DESCRIPTION OF THE INVENTION 

^ The materials, structures, and processes of the present invention are best 

□ 20 described in conjunction with the drawing. The present invention provides materials, 
J; structures, and processes for forming linear MOS capacitors in semiconductor 

substrates and utilizing N-doped impurity regions formed within the substrate as lower 
O capacitor electrodes. A portion of the N-doped impurity region over which the capacitor 

r " dielectric and upper electrode will be formed has nitrogen introduced therein before the 

25 capacitor dielectric film is formed by thermally oxidizing the substrate. Fermi level 
oxidation enhancement effects within the N-doped impurity regions are suppressed due 
to the presence of nitrogen and the thermal oxidation process used to form the 
capacitor dielectric includes the oxide film having a reduced thickness in the nitrogen- 
doped capacitor area relative to other areas of the N-doped impurity regions. The 
30 thickness of the oxide film in the nitrogen-doped capacitor region is substantially similar 
to the thickness of the oxide film formed in bulk, undoped portions of the semiconductor 
substrate during the thermal oxidation process. The size of the capacitor formed and 
specifically of the lower capacitor electrode will vary according to the various exemplary 
embodiments. Multiple N-doped impurity regions may be formed in a substrate and 

35 
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one, some, or all of the N-doped impurity regions may include a capacitor or capacitors 
of the present invention formed therein. 
5 Now referring to the figures, Figure 1 shows semiconductor substrate 2 having 

an N-doped impurity region 4 formed within surface 6 of semiconductor substrate 2. 
Semiconductor substrate 2 may be a silicon wafer according to the preferred 
embodiment. According to another exemplary embodiment, semiconductor substrate 
2 may include an upper silicon layer or portion formed over a base substrate formed of 
1 o other materials. N-doped impurity region 4 may include phosphorous, arsenic, or other 
N-type species as the dopant impurity. N-doped impurity region 4 may include an N- 
type impurity dopant concentration within the range of 10 18 /cm 3 to 10 19 /cm 3 , but other 
dopant concentrations may be used according to alternative embodiments. 
^ Conventional methods for forming N-doped impurity region 4, such as ion implantation 

yh 15 and diffusion, may be used. Semiconductor substrate 2 also includes undoped, bulk 
0] portions 8, which do not include dopant impurities. The lateral size and depth of N- 

nj doped impurity region 4 will vary according to the various exemplary embodiments. 

fU According to an exemplary embodiment, N-doped impurity region 4 may be formed 

along with similar N-doped impurity regions to be used as N-tub or N-well regions 
O 20 conventionally used in semiconductor device formation. 

jj* Now turning to Figure 2, masking film 26 is formed over surface 6 of 

gi semiconductor substrate 2. Masking film 26 is patterned to include an opening which 

0 defines capacitor region 10. In the preferred embodiment, masking film 26 may be a 

photosensitive material, such as a commercially-available photoresist, but other 
25 materials may be used alternatively. Masking film 26 may be formed over surface 6 
and patterned, using conventional technology. Capacitor region 1 0 is the area in which 
nitrogen will be introduced and over which a capacitor dielectric and upper capacitor 
electrode will be formed. After masking film 26 is patterned, nitrogen is introduced into 
capacitor region 10. According to one exemplary embodiment, nitrogen may be 
30 introduced into capacitor region 1 0 by conventional ion implantation processes. Arrows 
12 represent an ion implantation process used to introduce nitrogen atoms into 
capacitor region 10. Conventional low energy processes may be used. The 
parameters of the nitrogen ion implantation process are controlled so that the depth of 
the nitrogen impurity region preferably does not exceed depth 5 of N-doped impurity 
35 region 4 which may vary according to various exemplary embodiments. The ion 
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implantation process may include an implant energy within the range of 5 to 9 keV and 
in the preferred embodiment may be 7 keV. An implant dosage may lie within the range 

5 of 10 14 /cm 2 to 10 15 /cm 2 in an exemplary embodiment, but other implant dosages may 
be used alternatively. According to other exemplary embodiments, nitrogen may be 
introduced into capacitor region 10 by other means, such as by diffusion. In an 
exemplary embodiment, the lateral dimensions of capacitor region 10 within substrate 
surface 6 may range from 2 to 100 microns in length. In an exemplary embodiment, 

10 capacitor region 10 may be generally rectangular in shape as formed on substrate 
surface 6. The opposed sides of the rectangular capacitor region 10 may range from 
2 to 100 microns in length, depending on the capacitance sought. 

Figure 3 shows nitrogen impurity region 14 formed within N-doped impurity 
region 4 in semiconductor substrate 2. Nitrogen impurity region 14 is formed within 

15 capacitor region 10. Nitrogen impurity region 14 includes depth 15, which is illustrated 
to be significantly less than depth 5 of N-doped impurity region 4, but this is exemplary 
only and depth 15 may approach or equal depth 5 according to other exemplary 
embodiments. Furthermore, while the lateral dimension of nitrogen impurity region 14 
and therefore capacitor region 10 are shown to be small with respect to the lateral 

20 dimension of N-doped impurity region 4, it should be understood that this, too, is 
exemplary only and that the lateral dimensions of nitrogen impurity region 14 and N- 
doped impurity region 4 may be substantially the same. This will be shown in the 
exemplary process sequence illustrated in Figures 6-8 below. Nitrogen impurity region 
14 may include a nitrogen density within the range of 10 17 -10 19 /cm 3 , but other densities 

25 may be used alternatively. The structure shown in Figure 3 will then be thermally 
oxidized to produce a thermal oxide film having multiple thicknesses as will be shown 
in Figure 4. Now turning to Figure 4, a thermal oxidation process is carried out to form 
an oxide film on surface 6 of semiconductor substrate 2. The thermal oxidation process 
may be an oxidation process carried out using rapid thermal anneal (RTA) principles 

30 and within a commercially available RTA apparatus. According to another exemplary 
embodiment, the oxidation process may take place in an oxidation furnace. According 
to one exemplary embodiment, the furnace oxidation process may take place at a 
temperature ranging from 750°C to 950°C, and for a time ranging from 5 to 1 5 minutes. 
Other oxidation process parameters may be used alternatively. The oxidation process 

35 parameters will vary depending on the thickness of the capacitor dielectric desired . The 
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thermal oxidation process may also be used to simultaneously form transistor gate 
oxides in other portions of semiconductor substrate 2. In the preferred embodiment in 

5 which semiconductor substrate 2 is a silicon substrate, the thermal oxidation process 
forms a silicon dioxide film. 

During this thermal oxidation process, a film is formed to have multiple 
thicknesses. Thermal oxide film 16 is formed to include thickness 23 in portion 22, 
thickness 21 in portion 20, and thickness 19 in portion 18. Portion 22 of thermal oxide 

10 film 16 is a portion of thermal oxide film 16 formed over the bulk, undoped areas 8 of 
semiconductor substrate 2. Due to Fermi level oxidation enhancement, portion 20 of 
thermal oxide film 16 formed within N-doped impurity region 4 includes thickness 21, 
which is greater than thickness 23 due to the enhanced growth of thermal oxide film 16 

0 in this region. In capacitor region 10 and over nitrogen impurity region 14, portion 18 
,n 15 of thermal oxide film 16 includes thickness 19, which is less than thickness 21 because 

"Kiss- 

01 the nitrogen suppresses the enhanced Fermi level oxide growth otherwise manifested 
J* in portions of N-doped impurity region 4 which are not additionally doped with nitrogen, 
ry Portion 18 of thermal oxide film 16 includes nitrogen therein. The suppression of 

enhanced oxide growth may be such that thickness 19 of portion 18 is less than 50% 
O 20 of thickness 21 of portion 20, but other relative thicknesses may be produced according 
5 to other exemplary embodiments. Thickness 23 of portion 22 may likewise be less than 

m 50% of thickness 21 of portion 20, and thickness 23 of portion 22 may be substantially 

O equal to thickness 19 of portion 18 of thermal oxide film 16. According to another 

^ exemplary embodiment, thickness 21 of portion 20 may exceed thickness 19 of portion 

25 18 by at least 80%. According to an exemplary embodiment, thickness 23 of portion 
22 formed on undoped, bulk portion 8 of semiconductor substrate 2 may be 
approximately 40-60 angstroms and thickness 19 of portion 18 formed in capacitor 
region 1 0 may be approximately 40-60 angstroms, whereas thickness 21 of portion 20 
may range from 80-150 angstroms. In an exemplary embodiment, each of thickness 
30 19 and thickness 23 may be less than 55 angstroms. Various other absolute and 
relative thicknesses of portions 18, 20 and 22 of thermal oxide film 16, may be 
produced according to other exemplary embodiments. Portion 18 of thermal oxide film 
16 will serve as a capacitor dielectric in capacitor region 10, as will be shown in Figure 
5. 

35 
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Now turning to Figure 5, capacitor 28 is formed within capacitor region 10 and 
over nitrogen impurity region 14. Capacitor 28 includes upper electrode 34, which is a 

5 composite film according to the exemplary embodiment. According to the exemplary 
embodiment, upper electrode 34 may include film 30, which may be a doped polysilicon 
film according to an exemplary embodiment, and film 32 which may be a silicide film 
according to an exemplary embodiment. Various silicide films may be used. According 
to other exemplary embodiments, films 30 and 32 may be formed of other materials 

10 suitable for use as a capacitor electrode, and according to still another exemplary 
embodiment, upper electrode 34 may be formed of a single film. Conventional 
materials and methods for forming and patterning upper capacitor electrode 34, may 
be used. While the area of capacitor 28 is understood to be the lateral dimensions of 
upper electrode 34 shown only in cross-section in Figure 5, the lower electrode of the 

15 capacitor may be considered to be N-doped impurity region 4, including nitrogen 
impurity region 14 formed within capacitor region 10. According to an exemplary 
embodiment, capacitor 28 may subsequently have regions of oxide film 16, which lie 
outside of capacitor region 10, removed using conventional means. After this optional 
process operation (not shown), the only portion of dielectric film 16 which remains, is 

20 portion 18 in capacitor region 10. 

Figures 1-5 show an exemplary process sequence used to form a capacitor 
region within a portion of an N-doped impurity region. It should be understood that 
substrate 2 may include multiple N-doped impurity regions 4 and that capacitor 28 may 
be formed in portions of some or all other N-doped impurity regions 4. Moreover, 

25 according to another exemplary embodiment, capacitor region 10, and therefore 
nitrogen impurity region 14, may be formed to be substantially the same size as N- 
doped impurity region 4. This exemplary embodiment is illustrated in Figures 6-8. 

In Figure 6, capacitor region 10 into which nitrogen impurity atoms are 
introduced, preferably by ion implantation as indicated by arrows 12, has substantially 

30 the same lateral dimensions as N-doped impurity region 4. Other methods for 
introducing nitrogen into capacitor region 10, may be used alternatively. It should be 
understood that in the cross-sectional view shown, only one component of the 
coincident lateral dimensions of N-doped impurity region 4 and capacitor region 10, is 
shown. In an exemplary embodiment, capacitor region 1 0 and N-doped impurity region 

35 
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4 may be substantially the same size and shape with respect to each of their lateral 
dimensions as formed on surface 6 of substrate 2. 
5 Now referring to Figure 7, nitrogen impurity region 14 is formed within N-doped 

impurity region 4 and includes substantially the same lateral dimensions. The structure 
shown in Figure 7 is then subjected to a thermal oxidation process as described in 
conjunction with Figure 4, above. Figure 8 shows thermal oxide film 16 formed over 
substrate surface 6. In the exemplary embodiment illustrated in Figure 8, only portion 
10 18 and portion 22 of thermal oxide film 1 6 are shown. Thickness 1 9 of portion 1 8 and 
thickness 23 of portion 22 are substantially the same. Portion 1 8 of thermal oxide film 
16 includes some nitrogen therein. This is due to the suppression of the enhanced 
Fermi oxidation effects which otherwise would take place in portions of N-doped 
5 impurity region 4 not additionally doped with nitrogen. During the thermal oxidation 

3 15 process used to form thermal oxide film 16, other portions of N-doped impurity region 
S] 4 not additionally doped with nitrogen, would include an increased oxide thickness such 

m as thickness 21 of portion 20 as shown in Figure 4. Returning to Figure 8, MOS 

fU capacitor 28 includes a lower electrode formed of N-doped impurity region 4 including 

* nitrogen impurity region 14, a capacitor dielectric formed of portion 18 of thermal oxide 

0 20 film 16, and upper electrode 34. The structure shown in Figure 8 may subsequently 

S have portions of dielectric film 16, which lie outside capacitor region 10, removed using 

1 y 

m any of various suitable conventional means, such that only portion 1 8 of dielectric film 

C3 16, remains (not shown). 

According to various exemplary embodiments, several N-doped impurity regions 
25 may be formed on the substrate surface. The N-doped impurity regions may take on 
different sizes and shapes and serve various functions. Nitrogen may be introduced 
into one or many of the N-doped impurity regions. In some of the N-doped impurity 
regions, the nitrogen region may be the same size as the N-doped impurity region and 
in others, the nitrogen region will be contained within the N-doped impurity region. 
30 When the substrate is thermally oxidized, the above-described principles control, and 
Fermi-level oxidation enhancement takes place in N-doped regions while the Fermi- 
level enhancement of the oxide growth in N-doped regions is suppressed in N-doped 
regions which additionally include nitrogen. 

In each of the illustrated and other exemplary embodiments of MOS capacitors 
35 formed according to the present invention, the capacitor is formed to include a high 
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capacitance density compared to a capacitor formed over an N-type impurity region 
which does not include nitrogen introduced therein. The capacitance density may be 
greater than 7fF/,um 2 in an exemplary embodiment. The formed capacitor is also highly 
linear and may include a linearity defined as [(AC/C)(1/V)<1%], in a preferred 
embodiment. 

Although the invention is illustrated and described herein with reference to 
specific embodiments, the invention is not intended to be limited to the details shown. 
Rather, various modifications may be made in the details within the scope and range 
of equivalents of the claims and without departing from the invention. 



